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PolarizationAbstract In the present study, synergistic effect between polysaccharide (Azadirachta indica gum)
and four variously substituted piperidin-4-one derivatives on the corrosion inhibition of mild steel
in 1 mol L1 HCl has been analyzed using weight loss measurements, potentiodynamic polarization
and electrochemical impedance spectroscopy. Results of the weight loss measurements clearly reveal
that depending on the conformations of the piperidin-4-one derivatives, the concentration of A.
indica gum varies to achieve its maximum protection level. Detailed FTIR studies of the surface
adsorbed layers of inhibitors have been done to elucidate the origin of the synergistic effect on
the co-adsorption and subsequent corrosion inhibition of the mild steel.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The corrosion protection of mild steel is a signiﬁcant concern
among the corrosion scientist and material technologist.
Although, mild steel has remarkable economic and substantial
applications, its deprived corrosion resistance in acids limits
the usage. Acid solutions are essentially used in metal ﬁnishing
industries, acidizing of oil wells, cleaning of boilers and heat
exchangers [1–4]. The application of inhibitors is used to
reduce the metal dissolution and iron build up in the pickling
baths. The most effective and efﬁcient inhibitors are organic
compounds containing heteroatom (O, N, S and P) and havingp bonds in their structures. The efﬁciency of an inhibitor is lar-
gely dependent on its adsorption on the metal surface. The
adsorption of these molecules depend mainly on certain
physicochemical properties of the inhibitor molecule such as
functional groups, steric factors, aromaticity, electron density
at the donor atoms and p orbital character of donating elec-
trons [5,6] and the electronic structure of the molecules [7].
Piperidin-4-one derivatives with two potential anchoring sites
act as very good corrosion inhibitors in acidic medium [8].
The substitution effect of piperidin-4-one derivatives for the
corrosion inhibition of mild steel in acidic medium has been
already reported [8]. The increasing ecological awareness and
strict environmental regulations, as well as the inevitable drive
toward sustainable and environmentally friendly processes,
drew attention towards the development of nontoxic alterna-
tives to inorganic and organic inhibitors. Currently, research
in corrosion is focused on the development of green corrosion
inhibitors with a good inhibition efﬁciency and a low risk of
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sion inhibitors possess excellent inhibition properties in acidic
media at room temperature, they are not stable at a higher
temperature and longer immersion period [11,12]. Already
we have reported the corrosion inhibition performance of Aza-
dirachta indica gum in combination with Zn2+/Ni2+ on mild
steel in acidic medium [13]. In our continuous quest for explor-
ing stable corrosion inhibitors at a higher temperature and
longer immersion time, the present work reports on the effect
of A. indica gum (AIG) in combination with variously substi-
tuted piperidin-4-one derivatives for inhibition of mild steel
corrosion in 1 mol L1 HCl.
2. Materials and methods
2.1. Materials
2.1.1. Collection and purification of gum
The gum exudates of Azadirachta indica A. Juss. Meliaceae
was collected locally and identiﬁed taxonomically and authen-
ticated by the Botanical Survey of India (BSI), Coimbatore,
Tamil Nadu, India. The collected gum exudates were washed
with double distilled water and dried in a desiccator to obtain
a glassy mass of gum exudates.
2.1.2. Synthesis of variously substituted piperidin-4-one
derivatives
Four variously substituted piperidin-4-one derivatives, r-2,
c-6-diphenylpiperidin-4-one (01), r-2,c-6-diphenyl-t-3-methyl-
piperidin-4-one (02) r-2,c-6-diphenyl-t-3,t-5-dimethylpiperidin-
4-one (03) and r-2,c-6-diphenyl-N-methylpiperidin-4-one (04)
have been synthesized via the procedure given by Noller and
Baliah [14].
2.2. Methods
The mild steel of the composition 0.07 wt.% C, 0.008 wt.% P,
0.34 wt.% Mn, remaining iron (Fe) was used in the study.
The metal specimens used for weight loss measurements
were cut to obtain rectangular surfaces with dimensions of
25  10  1 mm with a hole drilled at the upper edge in order
to hook them to a glass rod and immerse in the aggressive
medium. Substantial layer of the specimen was removed by
using various grades of abrasive papers and degreased
by scrubbing with bleach-free scouring powder, followed by
thorough rinsing in water and acetone.
The gravimetric experiments were carried out according to
the ASTM practice standard G-31 [15]. Before carrying out the
experiments, the pre-cleaned specimens were weighed on a
balance using 0.1 mg precision. The weighed specimens were
immersed in the corrosive medium with and without inhibitors
for 1 h. At the end of experiment, the specimens were removed
from the corrosive medium and immersed in the Clark solution
(1000 ml of hydrochloric acid, 20 g of antimony trioxide
(Sb2O3) and 50 g of stannous chloride (SnCl2)) for 40 s, rinsed
with water, cleaned with acetone, dried in hot air and ﬁnally
weighed. The mean of weight loss values of three identical
specimens was used to calculate the corrosion rate and
inhibition efﬁciency of the inhibitor. Corrosion rate and
inhibition efﬁciency were calculated using the formulae given
in Eqs. (1) and (2)Corrosion rate ðmmpyÞ ¼ 87:6 W
qAt
ð1Þ
where, W is the weight loss (g), ‘q’ the density of the mild steel
specimen (g cm3), ‘A’ the area of specimen (cm2) and t the
time of exposure (h).
Inhibition efficiency ð%Þ ¼ Wo Wi
Wo
 100 ð2Þ
where, Wi and Wo are the weight losses of mild steel in inhib-
ited and uninhibited solutions respectively.
The electrochemical experiments were performed using
three-electrode cell assembly. The cell consisted of a platinum
counter electrode and a saturated calomel electrode (SCE) as
the reference electrode. The working electrode was immersed
in the acid solution and the constant steady-state (open circuit)
potential was recorded as a function of time, when it became
virtually constant. The polarization studies were carried out
over a potential of +200 to 200 mV with respect to the open
circuit potential at a scan rate of 1 mV s1. The linear Tafel
segments of the cathodic curves and the calculated anodic
Tafel lines were extrapolated to the point of intersection to
obtain the corrosion potential (Ecorr) and corrosion current
density (icorr). The inhibition efﬁciency was evaluated from
the measured Icorr values using Eq. (3)
Inhibtion efficiency ð%Þ ¼ i
o
corr  icorr
icorr
 100 ð3Þ
where, iocorr is the corrosion current density without inhibitor
and icorr is the corrosion current density with inhibitor.
The electrochemical impedance spectroscopic (EIS) mea-
surements were carried out using AC signals of 10 mV ampli-
tude over the frequency range of 10 kHz–0.01 Hz. The
electrode was immersed in the solution for half an hour before
starting the impedance measurements. All the impedance data
were automatically controlled by Zview software and the
diagrams were given as Nyquist plots. The charge transfer
resistance (Rct) values were obtained from the diameter of
the semicircles of the Nyquist plots. The inhibition efﬁciency
of the inhibitor has been obtained from the charge transfer
resistance values using the following Eq. (4)
Inhibition efficiencyð%Þ ¼Rct  R
o
ct
Rct
 100 ð4Þ
where, Rct and R
o
ct are the charge transfer resistance with and
without inhibitors respectively.
To determine the effect of inhibitors with the mild steel spec-
imen, a Shimadzu FT- IR 8000 spectrophotometer is employed
in the 4000–400 cm1 region with KBr disk technique.3. Results and discussion
3.1. Weight loss measurements
3.1.1. Corrosion inhibition performance of AIG
The corrosion of mild steel in 1 mol L1 HCl in the absence
and presence of various concentrations (2–80  103g L1)
of AIG was investigated at room temperature using weight loss
measurements for 1 h immersion period. Corrosion rate
(mmpy), inhibition efﬁciency (%) and surface coverage (h)
were calculated using the Eqs. (1)–(3) and the results are given
in Table 1.
Table 1 Corrosion parameters for various concentrations of
AIG on mild steel in 1 mol L1 HCl.
Concentration
(103g L1)
Inhibition
eﬃciency (%)
Corrosion
rate (mmpy)
Surface
coverage (h)
Blank – 0.025 –
2 10.1 0.032 0.101
4 23.8 0.028 0.238
6 44.2 0.018 0.442
8 45.6 0.020 0.456
10 49.7 0.019 0.497
20 67.9 0.009 0.679
40 70.0 0.008 0.700
60 73.5 0.007 0.735
80 73.2 0.007 0.732
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sion on the mild steel surface in the presence of AIG was found
to be dependent on up to 60  103 g L1 concentration of
AIG. Beyond this concentration, there is no appreciable
change in the inhibiting performance of AIG, indicating the
attainment of limiting value.
The increased inhibition efﬁciency with an increase in AIG
concentration indicates that more gum molecules are adsorbed
on the steel surface leading to the formation of a protective
ﬁlm [16]. This behavior could be attributed to the increase in
the surface coverage by the adsorption of inhibitor on the mild
steel surface, which trims down the contact between the mild
steel surface and acidic medium, thereby reducing the corro-
sion process [17]. The adsorption of AIG may be attributed
to the interaction between the lone pair of electrons of oxygen
atom and the vacant d orbitals of iron atom of the mild steel
surface. However, the presence of chloride ions in the
hydrochloric acid solution containing AIG plays a signiﬁcant
role in the adsorption process that results from an increased
surface coverage as a result of ion-pair interactions between
the organic cations and the chloride ions [18]. An additional
prospect may be due to the formation of positively charged
protonated AIG (since it contains glucoproteins) species in
acidic solution, which smoothens the progress of adsorption
on the mild steel surface through a coordinate type of linkage.
The assumed model for AIG is given in Scheme 1.Scheme 1 Assumed3.1.2. Corrosion inhibition performance of piperidin-4-one
derivatives
The corrosion of mild steel in 1 mol L1 HCl in the absence
and presence piperidin-4-one derivatives (01–04) was studied
using weight loss technique at room temperature. The inhibi-
tion efﬁciency and corrosion rate at different concentrations
were calculated and are given in Table 2.
Analysis of Table 2 reveals that the inhibition efﬁciency of
all the inhibitors (01–04) increased and corrosion rate
decreased with an increase in the concentration of the inhibi-
tors. The inhibition efﬁciencies depend on the substitution at
c-3 positions and c-3,5 positions of the 2,6 diphenylpiperdin-
4-one. The inhibition efﬁciency of 2,6 diphenylpiperidin-
4-one (01) is found to be highest among all the studied
compounds. This compound exists as an equilibrium mixture
of both boat and chair conformations [8,19] with two anchor-
ing sites namely carbonyl oxygen and ring nitrogen which are
in para position to each other. The interaction of r-2,c-6
diphenylpiperidin-4-one with the metal surface could occurs
either through the carbonyl group or ring nitrogen (chair
form) or through both (boat form) [20]. In addition to that,
phenyl rings present in the c-2, 6 positions ﬂank the ring nitro-
gen, which plays an important role in the corrosion inhibition
of mild steel. These phenyl rings are in equatorial positions,
which lie parallel to the mild steel surface in chair conforma-
tion of piperidin-4-one (01) [21]. The interaction of p electrons
of the phenyl rings with the mild steel surface also enhances the
corrosion inhibition.
The efﬁciency of r-2,c-6 diphenyl-3-methylpiperidin-4-one
(02) is found to be less than that of r-2,c-6 dipheylpiperidin-
4-one (01). 3- Alkyl substituted r-2,c-6 dipheylpiperidin-4-one
exists in chair conformation with phenyl and alkyl groups at
equatorial positions [22,23]. In the case of substituted c-3
and c-3,5 piperidin-4-one derivatives, the interaction with mild
steel surface could occur either through carbonyl group or
through ring nitrogen, but not through both of them since
the molecule is in chair form and the anchoring sites are in
para position to each other. Since the boat conformation is
highly strained, the synchronized participation of both groups
is ruled out. Moreover the less electronegativity of the nitrogen
atom than oxygen favors ring nitrogen to be the inhibiting site.
Also the methyl group at c-3 position creates an indirect stericmodel for AIG.
Table 2 Corrosion parameters for mild steel in 1 mol L1 HCl
in the presence of various concentrations of variously substi-
tuted piperidin-4-one derivatives (01–04) obtained from weight
loss measurements.
Inhibitors Concentration
of the
inhibitors
(mmol L1)
Inhibition
eﬃciency
(%)
Corrosion
rate
(mmpy)
Degree of
surface
coverage
(h)
(01) 0.2 68.7 0.0283 0.687
0.4 71.1 0.0264 0.711
0.6 75.0 0.0227 0.750
0.8 76.7 0.0215 0.767
(02) 0.2 30.0 0.0343 0.300
0.4 45.7 0.0271 0.457
0.6 51.4 0.0237 0.514
0.8 50.9 0.0241 0.509
(03) 0.2 10.8 0.0245 0.108
0.4 15.0 0.0234 0.150
0.6 25.3 0.0205 0.253
0.8 21.9 0.0215 0.219
(04) 0.2 34.2 0.0272 0.342
0.4 42.4 0.0184 0.424
0.6 49.6 0.0142 0.496
0.8 53.8 0.0212 0.538
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nyl rings are pushed toward the ring nitrogen thereby changing
the orientation of the lone pair electrons of the nitrogen atom.
This effect also decreases the interaction between p electrons
of the phenyl rings and mild steel surface. Hence the
overall consequences lead to decrease the inhibition efﬁciency
of compound (02) than (01).
The corrosion protection level of r-2,c-6-diphenyl-t-3,t-5-
dimethylpiperidin-4-one (03) is less than that of r-2,c-6-
diphenyl-3-methylpiperidin-4-one (02). This is due to the but-
tressing effect shown by compound (03) which is higher than
c-3 methyl substituted compound, which in turn gives a lesser
inhibition efﬁciency. On correlating the experimental results
with molecular structure it can be concluded that the increase
in steric hindrance at c-3, 5 positions of the piperidin-4-one
derivative decreased the corrosion inhibiting ability [24,25].
In the case of compound (04), the presence of an electron
releasing group at the ring nitrogen induces inductive effect
(+I) thereby increasing the availability of lone pair electrons,
which favors increased adsorption on the mild steel surface
[14]. On comparing the conformation of r-2,c-6-diphenyl-
N-methylpiperidin-4-one (04) with its corresponding N-H
compound (01), the inhibition efﬁciency of compound (04)
was found to be less than that of compound (01). The
decreased inhibition efﬁciency may be due to its chair confor-
mation [14] (either carbonyl group or ring nitrogen as anchor-
ing site) which reduces the adsorption center on the mild
steel surface. The order of inhibition efﬁciencies of these
compounds at room temperature is 01 > 02 > 04 > 03.
3.1.3. Effect of piperidin-4-one derivatives on the corrosion
inhibition of AIG on mild steel in 1 mol L1 HCl
The corrosion inhibition performance of AIG on mild steel in
1 mol L1 HCl is enhanced by the addition of piperidin-4-onederivatives (01–04). The corrosion inhibition of mild steel in
1 mol L1 HCl in the presence of various proportions of
AIG and piperidin-4-one derivatives has been investigated
using weight loss measurements at room temperature. The
calculated values of inhibition efﬁciency (%), corrosion rate
(mmpy), surface coverage (h) and synergism parameters (S1)
are recorded in Tables 3–6.
The inhibition efﬁciency of the inhibitor mixture depends
on the concentration of both AIG and piperidin-4-one deriva-
tives. The following observations are noted from the inhibition
performance of individual inhibitors and inhibitor mixture.
 The inhibition efﬁciency of AIG increases with an increase
in concentration and attains a maximum efﬁciency of
73.5% at 60  103 g L1 (Table 1).
 An increase in concentration of piperidin-4-one derivatives
from 0.2–0.8 mmol L1 increases the inhibition efﬁciency
(Table 2).
 The above combination, increases the inhibition efﬁciency
signiﬁcantly to a remarkable extent and its performance
depends on both the structure and concentration of AIG
and piperidin-4-one derivatives (Tables 3–6).
Analysis of Table 3 shows the synergistic effect caused by
the inhibitor mixture. It was evident from Tables 1 and 2,
40  103 g L1 of AIG shows 70.0% inhibition efﬁciency
and 0.2 mmol L1 of (01) shows 68.7% inhibition efﬁciency.
However, the mixture of 40  103 g L1 of AIG and
0.2 mmol L1 of inhibitor (01) shows (Table 3) a maximum
inhibition efﬁciency of 93.2%. As discussed earlier, r-2,c-6-
diphenylpiperidin-4-one contains two potential anchoring sites
(ring nitrogen and carbonyl group) and exists as an equilib-
rium mixture of both boat and chair conformations. Based
on this conformation, it interacts with the mild steel surface
through both the anchoring sites with an equal contribution
toward the adsorption on the mild steel surface.
Compound (01) contains two potential anchoring sites (ring
nitrogen and carbonyl oxygen) and AIG contains heteroatoms
in its structure (most of the plant gums have polysaccharides,
proteins and fatty acid). The higher the value of HOMO the
greater is its ease of donating electrons to the empty d orbital
of the metal surface, plant gums which have (polysaccharides,
proteins and fatty acids), due to hetero atoms in its structure
there would be a great uncertainty on the adsorptive nature
between these two (compound (01) and AIG) on the mild
steel surface. Generally quantum chemical calculations are
employed to understand the corrosion inhibition mechanism
and to emphasize the experimental data [26,27]. According
to Frontier Molecular Orbital (FMO) theory, the energy val-
ues of LUMO, HOMO and their energy gap are related to
the chemical reactivity of the reacting species. The HOMO
as an electron donator represents the ability to donate
electrons to the empty molecular orbital and LUMO as an
electron acceptor represents the ability to accept electrons. In
general, the higher the value of HOMO the greater is its ease
of donating electrons to the empty d orbital of the metal sur-
face. As reported in our earlier study, the HOMO of
piperidin-4-one derivative (0.32537) is higher than the
HOMO of carbohydrate molecule (0.41688). Also, the reac-
tivity of the molecule increases as DE (EHOMO  ELUMO)
decreases and smaller the energy gap, the easier the excitation
of electrons. Thus in the present case, initially piperidin-4-one
Table 3 Corrosion and synergism parameters for the various combinations of AIG and (01) on mild steel in 1 mol L1 HCl.
(01) mmol L1 AIG (103 g L1)
2 4 6 8 10 20 40 60 80
0.2 (49.2)a 48.1 52.3 62.7 61.2 77.5 93.2 92.1 89.6
(1.61)b 1.94 2.18 1.83 1.95 1.77 1.49 1.54 1.59
0.4 44.2 43. 49. 53. 56. 72. 81. 83. 87.
1 8 7 0 3 9 6 6
1.85 2.23 2.34 2.19 2.17 1.93 1.71 1.73 1.65
0.6 53.0 54.5 58.7 62.1 70.0 78.5 81.2 82.1 88.7
1.61 1.82 2.04 1.95 1.79 1.83 1.80 1.81 1.67
0.8 56.9 58.0 55.1 52.1 54.7 69.6 82.0 82.8 84.0
1.53 1.73 2.21 2.37 2.33 2.09 1.79 1.82 1.79
a Inhibition efﬁciency (%).
b Synergism parameter (S1).
Table 4 Corrosion and synergism parameters for the various combinations of AIG and (02) on mild steel in 1 mol L1 HCl.
(02) mmol L1 AI gum/103 g L1
2 4 6 8 10 20 40 60 80
0.2 (42.4)a 42.0 41.5 45.2 64.3 64.8 72.0 87.0 85.3
(0.94)b 1.28 2.01 1.69 1.19 1.52 1.39 1.19 1.45
0.4 17.0 37.3 44.8 47.2 56.2 65.5 69.2 81.8 82.4
3.42 1.89 2.22 2.04 1.44 1.76 1.62 1.44 1.68
0.6 40.3 44.2 49.0 49.2 56.5 69.0 73.1 91.0 91.2
1.50 1.72 2.15 1.99 1.53 1.69 1.90 1.44 1.37
0.8 49.2 50.1 53.0 53.2 53.0 50.0 50.7 85.0 87.6
1.24 1.50 1.97 1.83 1.86 2.40 1.69 1.67 1.75
a Inhibition efﬁciency (%).
b Synergism parameter (S1).
Table 5 Corrosion and synergism parameters for the various combinations of AIG and (03) on mild steel in 1 mol L1 HCl.
(03) mmol L1 AI gum (103 g L1)
2 4 6 8 10 20 40 60 80
0.2 (20.2)a 23.2 18.9 31.0 25.6 47.7 62.2 72.7 91.8
(1.03)b 1.51 3.01 1.84 2.41 1.66 1.30 1.16 1.02
0.4 25.2 36.1 38.6 52.2 51.5 52.0 69.2 81.9 83.3
0.96 1.07 1.54 1.16 1.26 1.60 1.23 1.08 1.05
0.6 44.4 52.4 54.3 58.9 49.7 44.2 52.4 60.3 80.2
0.79 0.93 1.28 1.20 1.51 2.13 1.83 1.64 1.23
0.8 40.1 42.4 47.8 52.1 56.7 55.7 47.3 69.4 72.2
0.79 1.07 1.39 1.30 1.26 1.62 1.96 1.38 1.32
a Inhibition efﬁciency (%).
b Synergism parameter (S1).
New binary inhibitor system for corrosion protection 427derivative (01) in corrosive medium donates electron and is
adsorbed onto the metal surface, followed by AIG molecules [28].
The inhibitive action of AIG in combination with piperidin-
4-one derivative (01) on the mild steel in an acidic solution can
be speciﬁed by the following steps:
 By sharing of electrons between the carbonyl group/ring
nitrogen and mild steel surface. Through p electron interactions between the phenyl rings of
the molecule and the mild steel surface.
 Formation of a thin protective ﬁlm by AIG on the mild
steel surface containing already adsorbed piperidin-4-one
molecules through weak hydrogen bonding. This AIG
ﬁlm, protects/strengthens the monolayer formed by the
piperidin-4-one derivative and hence prevents the mild steel
dissolution.
Table 6 Corrosion and synergism parameters for the various combinations of AIG and (04) on mild steel in 1 mol L1 HCl.
(04) mmol L1 AI gum/103 g L1
2 4 6 8 10 20 40 60 80
0.2 (39.2)a 38.4 42.7 52.8 51.1 67.4 69.2 62.6 72.7
(1.12)b 1.52 1.85 1.52 1.65 1.52 1.51 1.73 1.48
0.4 34.2 33.1 29.8 33.4 36.7 40.2 41.7 53.8 47.0
1.55 2.03 2.97 2.68 2.55 2.78 2.73 2.17 2.49
0.6 43.0 44.5 51.2 56.4 60.1 83.9 81.7 82.4 82.5
1.39 1.66 1.84 1.70 1.66 1.40 1.95 2.12 1.98
0.8 46.4 48.4 45.3 32.1 44.9 81.6 82.0 79.3 81.0
1.38 1.61 2.18 3.16 2.33 2.38 2.40 2.05 2.37
a Inhibition efﬁciency (%).
b Synergism parameter (S1).
428 B. Thirumalairaj, M. Jaganathan Controlling the anodic reaction by the interaction between
mild steel  (01) and cathodic reaction by the adsorption of
AIG on the cathodic sites of the mild steel surface.
Analysis of Tables 4 and 5 clearly shows that the inhibition
efﬁciency of the formulation containing 40  103 g L1 of
AIG and 0.2 mmol L1 (01) gives the highest inhibition efﬁ-
ciency, the same formulation of other inhibitor mixtures shows
a lesser inhibition efﬁciency than AIG+(01) mixture. The
maximum efﬁciency of 91.0% and 91.8% was obtained for the
formulation consisting of 60 103 g L1 of AIG/0.6 mmol L1
(02) and 80 103 g L1 of AIG/0.2 mmol L1 (03), respectively.
AIG in combination with compounds (02) and (03) gives a
high inhibition efﬁciency only at higher concentrations. The
chair conformation of these compounds enables either ring
nitrogen or carbonyl oxygen to be the anchoring site. Hence,
a larger quantity of piperidin-4-one derivatives is adsorbed
on mild steel surface to make a uniform layer on the mild steel
surface. Thus carbonyl groups are projected superﬁcially
toward the solution holding AIG molecules through weak
hydrogen bonding. Based on the spatial orientations of C-3
and C-3,5 alkyl substitution, the inevitability of the inhibitor
as well as AIG show a discrepancy to achieve the highest level
of protection. Analysis of Table 6 clearly reveals that, AIG in
combination with N-methylated compound (04) shows higher
inhibition efﬁciency at lower concentrations of both the AIG
and piperidin-4-one derivatives than corresponding N-H
compound (01). This may be due to the presence of electron
releasing – CH3 groups which increase the availability of lone
pair electrons present on the ring nitrogen for attraction
toward the mild steel surface. Furthermore, the bulkiness of
the N-methylated piperidin-4-one derivatives occupies most
of the spaces on the mild steel surface, results in higher inhibi-
tion efﬁciency at lower concentrations.
Hence, it can be accomplished from the weight loss
measurements that depending on the conformations of the
piperidin-4-one derivatives (01–04), the requirement of concen-
tration of AIG varies to achieve its maximum efﬁciency.
3.2. Effect of synergism
Synergistic inhibition effect is a combined action of com-
pounds greater in total effect than the sum of the individual
effects. Synergism of corrosion inhibitors is either due to theinteraction between components of the inhibitor composition
or due to interaction between the inhibitor and one of the ions
present in the aqueous solution.
To determine the extent of synergism existing between AIG
and variously substituted piperidin-4-one derivatives toward
the adsorption on the mild steel surface, a synergism parameter
(S1), as proposed by Aramaki and Hackerman [29] has been
calculated using Eq. (5)
S1 ¼ 1 g1þ2
1 g01þ2
ð5Þ
The value of S1 < 1 indicates that antagonistic effect is
prevailing between two inhibitors, S1 = 1 means there is no
interaction between two inhibitors interaction, whereas S1 >
1 represents a synergistic interaction between two inhibitors.
The values of S1 for various combinations of AIG and
compounds (01–04) are greater than unity, showing a strong
synergism between two inhibitors toward the corrosion of mild
steel in 1 mol L1 HCl (Tables 3–6). For instance, the average
inhibition efﬁciency of 0.2 mmol L1 (01) and 40  103 g L1
of AIG is 69.3%, while the inhibition efﬁciency of their
mixture is 93.2% at the same concentration. The observed
synergistic effect exhibited by the inhibitor mixtures (01A-
4A) may be due to the co-adsorption of the AIG and substi-
tuted piperidin-4-one derivatives (01–04) on the mild steel
surface in 1 mol L1 HCl.
3.3. Potentiodynamic polarization studies
Tafel found that a linear relationship exists between electrode
potential (E) and logarithm of current (log i), if an electrode is
polarized to sufﬁciently large potentials, both in anodic and
cathodic directions. The regions in which such relationship
exists are known as Tafel regions. Biasing the potential on
the anodic and cathodic sides of the Tafel region linearly
and extrapolating them to corrosion potential (Ecorr) give the
corresponding corrosion current density (icorr) values. The plot
of E versus log i in the anodic and cathodic Tafel regions gives
the corresponding Tafel slopes (ba and bc).
Polarization curves for mild steel in 1 mol L1 HCl solution
at room temperature in the absence and presence of AIG, com-
pounds (01–04) and for their mixtures (01A-04A) are shown
in Figs. 1–4. All the calculated electrochemical corrosion
parameters such as corrosion current density (icorr), corrosion
Figure 1 Potentiodynamic polarization curves for mild steel in
1 mol L1 HCl in the absence and presence of compound (01),
AIG and inhibitor mixture (01A).
Figure 2 Potentiodynamic polarization curves for mild steel in
1 mol L1 HCl in the absence and presence of compound (02),
AIG and inhibitor mixture (02A).
Figure 3 Potentiodynamic polarization curves for mild steel in
1 mol L1 HCl in the absence and presence of compound (03),
AIG and inhibitor mixture (03A).
Figure 4 Potentiodynamic polarization curves for mild steel in
1 mol L1 HCl in the absence and presence of compound (04),
AIG and inhibitor mixture (04A).
New binary inhibitor system for corrosion protection 429potential (Ecorr), anodic and cathodic Tafel slopes (ba and bc,
respectively) are presented in Table 7. It is clear from the table,
that the icorr decreases considerably in the presence of individ-
ual inhibitors and it reaches a minimum value for the inhibitor
mixtures. These results clearly reveal that the added inhibitors
and the inhibitor mixtures act as an effective corrosion inhibi-
tor of mild steel in 1 mol L1 HCl. As it can be seen from the
table, no signiﬁcant shifts are observed in the Ecorr values forboth the inhibitors and inhibitor mixtures which indicate that
the studied systems are functioning via a mixed type mecha-
nism. Also, only slight shifts were observed in the anodic
and cathodic Tafel slopes, indicating that the studied inhibitor
systems under investigation act as efﬁcient corrosion inhibi-
tors, suppressing both anodic dissolution and cathodic hydro-
gen evolution reaction by getting adsorbed onto the mild steel
surface blocking the active sites, without altering the mecha-
nism of corrosion reaction. Moreover, the inhibition efﬁciency
for the individual inhibitors and inhibitor mixtures calculated
by the weight loss and polarization measurements are in good
agreement. But some differences were observed and this can be
attributed to the fact that the weight loss method gives average
corrosion rates, whereas the polarization method gives instan-
taneous corrosion rates as discussed [30].
3.4. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy gives accurate,
error-free kinetic and mechanistic information in the ﬁeld of
corrosion, batteries, electroplating, and electro-organic synthe-
sis [31]. The corrosion behavior of mild steel in 1 mol L1 HCl
in the absence and presence of AIG, compounds (01–04)
and for their mixtures (01A–04A) was investigated using
electrochemical impedance spectroscopy (EIS) at room
temperature. Nyquist plots of mild steel in uninhibited and
inhibited acid solutions are shown in Figs. 5–8. The illustrated
Nyquist plot in the ﬁgures was the expected response of the
simple circuit given in Fig. 9.
The Randles cell models the electrochemical impedance of
an interface and ﬁts many chemical systems. It can be easily
equated with the circuit components in the Randles cell with
familiar physical phenomena, such as adsorption or ﬁlm
formation (Rs- Solution resistance; Rct- charge transfer resis-
tance; Cdl- double layer capacitance).
All the calculated values of Rct, Cdl and inhibition efﬁciency
for the studied systems are presented in Table 8. A keen sight
into this table clearly reveals that the addition of inhibitors to
the corrosive medium causes a signiﬁcant change in the Rct and
Cdl values. The data show that the value of Rct is higher in the
presence of AIG, compounds (01–04) and it reaches a maxi-
mum value for the inhibitor mixtures (01A–04A) compared
to the blank solution. As charge transfer resistance increases
the conductive behavior of mild steel in the presence of both
Table 7 Potentiodynamic polarization parameters for the corrosion inhibition of mild steel in 1 mol L1 HCl with and without
inhibitors.
System/concentration icorr (mA cm
2) Ecorr (mV/SCE) ba (mV dec
1) bc (mV dec
1) Inhibition eﬃciency (%)
Blank (1 mol L1 HCl) 1.207 499.4 94 137 –
0.2 mmol L1 (01) 0.663 490.2 65 117 65.7
40  103 g L1 AIG 0.595 486.9 72 110 71.4
(01A) 0.276 486.3 32 84 97.8
Blank (1 mol L1 HCl) 0.328 467.4 52 112 
0.6 mmol L1 (02) 0.150 495.6 66 118 54.2
60  103 g L1 AIG 0.121 491.6 68 119 63.1
(02A) 0.100 492.4 66 123 70.0
0.2 mmol L1 (03) 0.244 509.8 74 113 25.6
80  103 g L1 AIG 0.138 501.3 73 118 57.9
(03A) 0.092 494.5 78 113 71.9
Blank (1 mol L1 HCl) 1.207 499.4 94 137 –
0.6 mmol L1 (04) 0.354 492.6 78 151 70.0
20  103 g L1 AIG 1.08 503.2 79 124 10.5
(04A) 0.283 499.2 68 137 77.0
Figure 5 Nyquist plots of mild steel in 1 mol L1 HCl in the
absence and presence of compound (01), AIG and inhibitor
mixture (01A).
Figure 6 Nyquist plots of mild steel in 1 mol L1 HCl in the
absence and presence of compound (02), AIG and inhibitor
mixture (02A).
Figure 7 Nyquist plots of mild steel in 1 mol L1 HCl in the
absence and presence of compound (03), AIG and inhibitor
mixture (03A).
Figure 8 Nyquist plots of mild steel in 1 mol L1 HCl in the
absence and presence of compound (04), AIG and inhibitor
mixture (04A).
430 B. Thirumalairaj, M. Jaganathaninhibitors and inhibitor mixtures decreases, which leads to the
formation of insulating protective ﬁlm at the metal/solution
interface [32] and this ﬁlm makes a barrier for mass transport
and charge-transfer. It was also evident from the table that
Cdl values decrease upon adding the inhibitors and it almostreaches a minimum value in the presence of inhibitor mixtures.
The decrease in the Cdl, results from a decrease in local dielec-
tric constant and/or an increase in the thickness of the electri-
cal double layer, suggesting that the inhibitors as well as
inhibitor mixtures function by getting adsorbed at the metal/
solution interface. The decrease in double layer capacitance
Figure 9 Equivalent circuit model for impedance analysis.
Table 8 Electrochemical impedance parameters for mild steel
in 1 mol L1 HCl in the absence and presence of inhibitors.
System/concentration Rct
(X cm2)
Cdl
(lF cm2)
Inhibition
eﬃciency (%)
Blank (1 mol L1 HCl) 9.20 0.00466 –
0.2 mmol L1 (01) 15.2 0.00180 39.4
40  103 g L1 AIG AIG 14.8 0.00184 37.8
(01A) 38.6 0.00027 76.1
Blank (1 mol L1 HCl) 11.0 0.00482 –
0.6 mmol L1 (02) 32.1 0.00476 55.6
60  103 g L1 AIG 24.9 0.00468 65.7
(02A) 43.9 0.00387 74.8
Blank (1 mol L1 HCl) 11.0 0.00482 –
0.2 mmol L1 (03) 36.6 0.00450 36.3
80  103 g L1 AIG 51.4 0.00428 51.2
(03A) 80.7 0.00344 80.6
Blank (1 mol L1 HCl) 9.20 0.00461 –
0.6 mmol L1 (05) 30.1 0.00054 69.3
20  103 g L1 AIG 12.5 0.00253 25.9
(04A) 45.8 0.00022 80.0
Figure 10 FT-IR spectrum of pure AIG.
Figure 11 FT-IR spectrum of r-2,c-6-diphenyl-3-methylpiper-
idin-4-one (02).
Figure 12 FT-IR spectrum of mild steel immersed in 1 mol L1
HCl in the presence of inhibitor mixture (02A).
New binary inhibitor system for corrosion protection 431may result from the adsorption of inhibitors and the inhibitor
mixtures on the surface of the outer Helmholtz plane decreas-
ing its electrical capacity by displacing the water molecules and
other ions already adsorbed on the mild steel surface. Further,
the calculated inhibition efﬁciency is in good agreement with
those obtained from polarization studies and weight loss
measurements.
3.5. FT-IR spectra
FT-IR spectral analyses have been made to get some insight
into the possible interactions between the adsorbed inhibitor
and mild steel surface in acidic medium.
FT-IR spectrum of pure AIG has been recorded and the
relative intensities of the vibrational peaks are compared
(Fig. 10). It is characterized with its –OH characteristic stretch-
ing vibration frequency in the region between 3317 cm1 and
3618 cm1. The bending mode of adsorbed water is seen [33]
at 1658 cm1. The peak at 1550 cm1 is assigned to the stretch-
ing vibrations of the carboxylate group.
Fig. 11 illustrates the FT-IR spectrum of pure r-2,c-6-
diphenyl-3-methylpiperidin-4-one (02). Infrared spectroscopy
has been proved to be a valuable tool in the analysis of the
stereochemistry of heterocyclic compounds, mainly on the
basis of a series of bands in the region 2800–2600 cm1 called
Bohlmann bands [34]. These bands have also been used in theassessment of conformational equilibria in decahydroquinoli-
nes [35] and piperidin systems [36]. Piperidin-4-ones also
exhibit these bands in the region 3000–2800 cm1. A sharp
peak observed at 3294 cm1 is due to –NH stretching vibration
frequency and the carbonyl C‚O stretching frequency is
characterized by sharp peak at 1689 cm1.
FT-IR spectrum of mild steel immersed in the inhibited
solution containing the inhibitor mixture (02A) is shown in
Fig. 12. The –NH stretching frequency of piperidin-4-one
derivative at 3294 cm1 gets disappeared and overlapped with
the neighboring peak. It clearly indicates that the –NH group
gets protonated in corrosive acidic medium and adsorbed onto
the mild steel surface by donating the lone pair of electrons of
the ring nitrogen atom to the mild steel surface. In this ﬁgure
the Bohlmann bands also disappeared on adsorption through
432 B. Thirumalairaj, M. Jaganathannitrogen due to the lack of anti-periplanarity with respect to
the lone pair of electrons as a result of change in conformation.
Generally, the shifting of carbonyl absorption to a higher fre-
quency increases the ring strain due to some conformational
changes [13]. In the present study, the carbonyl stretching fre-
quency of (02) is shifted to a lower frequency side (1689–
1674 cm1), which gives a strong evidence for the interaction
between piperidin-4-one derivative (02) either with AIG or
the mild steel surface. It has been already proved that r-2,c-
6-diphenyl-3-methylpiperidin-4-one exists in chair conforma-
tion and ring nitrogen to be the anchoring site toward the
adsorption on the mild steel surface. Hence, the C‚O group
present in the para position to ring nitrogen interacts with
the AIG molecule by weak hydrogen bonding and this is sup-
ported by a shift in the carboxylate group of the AIG from
1550 cm1 to 1527 cm1. In addition to that the bending mode
of water molecule disappears, which clearly indicates that the –
OH group of AIG molecules may form insoluble hydroxides
on the surface of the mild steel, which leads to the reduction
of corrosion rate by suppressing the cathodic hydrogen evolu-
tion reaction.
4. Conclusion
Based on the above results, the following conclusion can be
drawn:
1. All the measurements showed that AIG in combination
with piperidin-4-one derivatives (01–04) has excellent inhi-
bition properties for the corrosion of the mild steel in
1 mol L1 HCl.
2. Among the studied inhibitor mixture system, a combination
of AIG with r-2,c-6 dipheylpiperidin-4-one (01) exhibits the
highest inhibition efﬁciency of 93.2%.
3. The binary inhibitors offer excellent corrosion inhibiting
system which is only due to the existence of synergism
between AIG and piperidin-4-one derivatives.
4. Potentiodynamic polarization measurements showed that
the inhibitors alone and inhibitor mixtures acts as a
mixed-type inhibitor. EIS measurements also indicate that
comparatively, Cdl value lowers in the presence of an inhi-
bitor mixture than inhibitor alone, with an increase in the
charge transfer resistance and shows that the inhibitive
property depends on adsorption of the molecules on the
mild steel surface.
5. The inferences drawn from the results of potentiodynamic
polarization, EIS and weight loss measurements are in good
agreement.
6. FT-IR studies reveal that cooperative adsorption of
piperidin-4-one derivative – AIG onto the steel surface
seems to be responsible for the observed synergistic effect
on the inhibition of mild steel corrosion in 1 mol L1 HCl.
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